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Abstract: Research Highlights: Investigations of evapotranspiration in a mature mixed beech-fir 
forest stand do not indicate higher resilience towards intensified drying-wetting cycles as 
compared with pure beech stands. Background and Objectives: Forest management seeks to 
implement adaptive measures, for example, the introduction of more drought resistant species into 
prevailing monospecific stands to minimize forest mortality and monetary losses. In Central 
Europe this includes the introduction of native silver fir (Abies alba) into monospecific beech (Fagus 
sylvatica) stands. In order to determine, if the introduction of fir would improve the resilience 
against drier conditions, this study investigates water relations of a mature pure beech and a 
mature mixed beech-fir stand under natural as well as reduced water availability. Materials and 
Methods: Sap flow rates and densities were measured in two consecutive years using the heat ratio 
method and scaled using stand inventory data and modeling. Results: Transpiration rates 
estimated from sap flow were significantly higher for beech trees as compared with silver fir which 
was attributed to the more anisohydric water-use strategy of the beech trees. We estimate that 
stand evapotranspiration was slightly higher for mixed stands due to higher interception losses 
from the mixed stand during times of above average water supply. When precipitation was 
restricted, beech was not able to support its transpiration demands, and therefore there was 
reduced sap flow rates in the mixed, as well as in the pure stand, whereas transpiration of fir was 
largely unaffected, likely due to its more isohydric behavior toward water use and access to moister 
soil layers. Thus, we found the rates of evapotranspiration in the mixed beech-fir stand to be 
smaller during times with no precipitation as compared with the pure beech stand, which was 
accountable to the severely reduced transpiration of beech in the mixed stand. Conclusions: We 
conclude that smaller evapotranspiration rates in the mixed beech-fir stand might not be the result 
of increased water use efficiency but rather caused by restricted hydraulic conductivity of the root 
system of beech, making mixed beech-fir stands at this site less resilient towards drought. 
Keywords: mixed temperate forest; European beech; silver fir; sap flow; transpiration; evaporation; 
drying-wetting cycle 
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1. Introduction 
Forest ecosystems have to cope with various stresses during their long lifespan. Anthropogenic 
climate change happens at an accelerating speed and implications for forest ecosystems are expected 
to be severe [1,2]. Climate projections for forested areas in Central Europe indicate a shift in the 
seasonal distribution of rainfall, with the effect of prolonged drought spells during the vegetation 
period [3] prone to disrupt the natural regeneration cycles of forest ecosystems. 
Against this background, the future performance of native tree species in Central Europe is 
frequently and critically discussed [4–6]. In this context, forest management concepts have been 
proposed and implemented in the past decades to mitigate future climate change by improving 
resistance and resilience of forest ecosystems [7–11]. For the latter purpose, fostering compositional, 
functional, and structural complexity of forests is a central aim of forest policy in Germany [12,13]. 
These measures follow the principles of ecological resilience introduced by Holling [14], assuming 
that the ability of any system to endure disturbances before shifting in structure or function is 
enhanced by diversification [10,15–17].  
In the Black Forest in Southwest Germany, monospecific stands of beech (Fagus sylvatica L.) are 
currently diversified by reintroducing species that are assumed to belong to the potential natural 
vegetation at these sites, such as silver fir (Abies alba Mill.) [12,18,19]. Although it is considered 
drought sensitive (e.g., [20]), beech is the most abundant deciduous tree species in Central Europe as 
well as in the Black Forest area [12], and is able to dominate most other tree species under moderate 
site conditions because of its high shade tolerance [21]. Beech trees react to drought by decreasing 
root growth and root exudates, thereby potentially decreasing not only their water, but also their 
nutrient uptake capacity [22]. Fir trees, on the contrary, are described as less distressed by drought 
conditions, due to their ability to form extensive tap-root systems [23,24].  
In this study, we investigated the hydrological balance of a mature mixed beech-fir plot on the 
foothills of the Black Forest in comparison to an adjacent pure beech plot. We investigated tree sap 
flow over two consecutive vegetation periods in 2016 and 2017. As the rate of sap flow is tightly 
related to the trees’ transpiration, and thus to stomatal control, it provides a powerful indicator of 
drought stress and water availability within the soil–plant–atmosphere system [25–28]. We 
estimated changes in transpiration by comparing sap flow of beech trees in pure beech plots with 
sap flow of both beech and fir trees in mixed plots. To simulate a severe drought, we artificially 
excluded rain within large sections of the mixed and pure plots (hereafter, treatment). This allowed 
us to examine responses of tree water use to drought stress and recovery from drought after 
rewetting. In order to identify effects of rain exclusion at the stand level, we used a comprehensive 
ecosystem model to estimate the various components of the water budget of all trial variants.  
The aim of the present study was to elucidate if a mixed beech-fir stand is more water use 
efficient than a pure beech forest and, thus, supports the management aim to create more resilient 
forests. Within this framework, we addressed the following questions/hypotheses: (1) If the 
transpiration in the mixed plot will be smaller due to a more isohydric behavior of fir, (2) rain 
exclusion will affect the more shallowly rooted beech more so than the deep, tap-rooted fir which 
have more access to moisture in deeper soil layers, and (3) if hypotheses one and two are valid, then 
rain exclusion will have less effect on water use in the mixed beech-fir plot than the pure beech plot 
because of differences in water acquisition strategies of beech and fir, and also because of differences 
in crown architecture, altering rainfall interception and evaporation from the stand. 
2. Materials and Methods 
2.1. Field Site Conditions and Experimental Setup 
This study was conducted at a field site close to Freiamt (48°8’52.0116” N, 7°54’18.7596” E) on 
the foothills of the Black Forest in Southwest Germany. The site is located at approximately 400 m 
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a.s.l. (above sea level), mean annual temperature is 9.6 °C, and annual precipitation amounts to 1100 
mm (DWD, Elzach-Fissnacht”, 30 year long-term average: 1981–2010). The soil, derived from 
sandstone, constitutes a dystric cambisol of 80–100 cm depth with a field capacity of approximately 
18 vol%. On average, the vegetation comprises 70% beech, 15% silver fir, and 15% larch. Individual 
trees were approximately 24 m high and between 40 to 60 years old. For further information about 
the site see [29]. 
At the site, two subplots (~0.1 ha) were selected, a beech plot and a beech-silver fir plot, 
hereafter referred to as pure and mixed, respectively. We included dominant, as well as suppressed 
trees, in the measurements to cover a representative range of transpiring trees for the calculation of 
sap flow per site (Tables S1 and S2 provide inventory data of the subplots and are available as 
Supplementary Data at Forests Online). The 0.1 ha subplots included 36 individuals of beech in the 
pure stand, and 33 beech trees and 19 fir trees in the mixed stand. Measurements were performed 
during a period of ~180 and 120 days in the vegetation period (April–October) of 2016 and 2017, 
respectively. In the pure stand, six beech trees were equipped with sap flow sensors in 2016, as well 
as 2017; in the mixed stand, three (2016) and six (2017) sap flow sensors were installed in beech trees 
and six in fir trees (both years). After tree selection, diameter at breast height (DBH), and bark width 
(Bw) were measured (Table 1).  
Table 1. Properties of trees used for sap flow measurements at the Freiamt site in 2016 and 2017. ID, 
tree identification number; DBH, diameter at breast height over bark; Sw, sapwood width determined 
from two tree cores; As, sapwood area at the site of sap flow sensor installation. The tree IDs in the 
upper part of the table belong to the pure beech plot, the ones below were part of the mixed plot. 
2016 2017 
ID Species DBH (cm) Sw (cm) As (cm²) ID Species DBH (cm) Sw (cm) As (cm²) 
209 Beech 25.4 6.6 376.6 209 Beech 26.4 6.8 405.7 
208 Beech 30.9 7.8 547.7 208 Beech 32.1 8.0 591.1 
6 Beech 29.8 7.5 512.5 6 Beech 31.2 7.8 559.4 
207 Beech 33.7 8.4 648.6 207 Beech 35.6 8.8 723.0 
202 Beech 27.5 7.0 437.6 201 Beech 36.3 8.9 750.1 
203 Beech 31.8 8.0 576.1 203 Beech 33.9 8.4 652.4 
102 Beech 21.2 5.7 269.7 102 Beech 22.6 6.0 304.6 
101 Fir  40.1 6.5 661.6 101 Fir 41.4 6.5 687.8 
15 Beech 25.1 6.5 368.1 15 Beech 26.9 6.9 420.0 
16 Fir 34.8 6.0 508.9 16 Fir 36.4 6 539.9 
302 Beech 22.3 5.9 296.2 302 Beech 22.9 6.0 311.6 
301 Fir  25.8 4.4 280.1 301 Fir  27.7 4.4 306.0 
24 Fir 28.7 4.2 310.6 24 Fir 30.1 4.3 333.4 
103 Fir 37.1 6.1 548.1 19 Beech 40.6 9.8 926.1 
99 Fir 21.5 3.6 192.5 20 Fir 40.7 8.5 815.5 
     105 Beech 28.6 7.3 474.7 
     106 Beech 30.1 7.6 519.5 
     104 Fir 47.4 4.7 595.3 
In 2017, we installed roofs over subplots (~200 m2) within both pure and mixed stands to 
exclude precipitation from May to mid-August (3.5 months). At the pure stand one roof of 200 m2 
was installed, while at the mixed stand two roofs of 100 m2 each covered the projected crown area of 
the investigated trees. Roofs were built from transparent foil installed 1.5 m above ground in order 
to keep environmental conditions such as solar radiation, air temperature (Tair), and wind 
conditions, as natural as possible. The foil was tightly wrapped around the tree stems to prevent 
stem flow from reaching the soil beneath, and wooden frames were inclined downhill allowing 
precipitation to run off the plot (Figure S1 available as Supplementary Data at Forests Online). 
Rewetting was conducted with two precipitation events, one of 40 mm within 4 h on August 18 and 
a second one of 60 mm within 6 h on August 28. We ensured even distribution by using lawn 
sprinklers at frequently changing positions.  
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2.2. Meteorological and Soil Data 
Meteorological data were obtained from a weather station nearby (~0.6 km distance) and kindly 
provided by Netze BW GmbH (Stuttgart, Germany). Raw data were checked for drifts as well as 
missing values, which then were either linearly interpolated or interpolated with data from a close 
by weather station (e.g., DWD station Elzach-Fissnacht 16.3 km ENE, LUBW station 
Schwarzwald-Süd 39 km SSW, or LUBW station Freiburg 17.1 km SW). VPD was calculated from Tair 
and relative humidity (rH) using Equation 1 following Alduchov et al. [30]: 
𝑉𝑃𝐷 = 6.112 × 0.1 17.62 × 𝑇௔௜௥243.12 + 𝑇௔௜௥ ×  
1 − 𝑟𝐻
100  (1) 
Soil water content (SWC) was measured continuously at 10, 15, 25, 50, and 80 cm depth (GS1 
and 5TM, METER Group, Munich, Germany) at pure and mixed stands in the control (2016 and 
2017) and treatment plots (2017 only). Sensor calibration was achieved by gravitational water 
content measurements. 
2.3. Tree Water Use 
In order to determine sap flow rates and densities, we installed sap flow sensors of the SFM1 
type (ICT International Pty Ltd, Armidale, Australia). Data were recorded every 15 min and tree 
water use was calculated using the method described by Burgess et al. [31,32]. 
Wood cores of fir trees were taken with an increment borer (5.15 mm Haglöf Company Group, 
Långsele, Sweden) at breast height. Bark width (Bw) was read from the core using a caliper. Fresh 
cores were stained with 40% perchloric acid, dying sapwood light green, and heartwood dark green 
to brown [33]. Sapwood width (Sw) was then read from the stained core with a caliper. For the 
determination of Sw of the beech trees we adapted the method described in Meinzer et al. and 
Genauer et al. [34,35]. The dye “Brilliantblau extra” (Waldeck GmbH & Co.KG, Münster, Germany) 
was injected into boreholes previously drilled with an increment corer by attaching a reservoir filled 
with dye to the borehole. After three hours we took another core sample approximately 3–4 cm 
above the dye hole. Wood sections that were completely colored by the dye and those that revealed 
at least two connecting spots of dye were considered to be conducting sapwood, and the resulting 
depth of maximal Sw was measured with a caliper. The maximal Sw determined by this technique was 
consistent with the data reported by Gebauer et al. [35]. Finally, the sapwood area (As) for both 
species was calculated from the DBH, Bw, and Sw (Table 1) using Equation 2:  
𝐴௦ = ൬
𝐷𝐵𝐻
2 − 𝐵௪൰
ଶ
− ൬𝐷𝐵𝐻2 − 𝐵௪ − 𝑆௪൰
ଶ
 (2) 
To correct for probe misalignment causing zero baseline offsets, we defined a weather index 
where we assumed zero flow conditions to occur as follows: Global radiation = 0, Tair ≤ 15 °C, VPD = 
0, and rH ≥ 90%. All conditions had to be fulfilled on two consecutive days between midnight and 5 
a.m. The resulting dates were then identified in the sensor data set and the lowest data value was 
taken as a correction factor to provide a zero baseline. We identified 14 such events in 2016 and 13 in 
2017, allowing us to correct the data every 10 to 12 days.  
The mean flow rates of xylem sap were summarized to hourly and daily sums. For this purpose, 
individual trees were categorized into the following three groups in 2016: beech trees in pure, beech 
trees in mixed, and fir trees in mixed plots (Table 2). In the subsequent year, we split the 
experimental design additionally into a rain exclusion treatment and controls, resulting in six 
different groups of trees. Five groups are shown, since fir trees in the control plots could not be used 
for analysis in 2017 (Table 3). 
2.4. Upscaling Approach 
The relationship between DBH and sapwood area was calculated for individual trees to obtain 
the area of sapwood per area forest stand. For both species the relationship followed a power law 
equation (R2beech = 0.99, R2fir = 0.98, Figure S2 available as Supplementary Data at Forests Online). With 
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this relationship, the sapwood area of the 0.1 ha plots studied was calculated accounting for the 
species distribution obtained from the stand inventory (Tables S1 and S2). From the measured tree 
individuals, we calculated an average xylem sap flow density (mL cm2 sapwood day−1, hereafter 
SFD), which allowed assessment of differences and similarities in sap flow of both species 
independent of tree diameter. The product of sap density and sapwood area for each 0.1 ha plot was 
summed up and resulted in the stand level sap flow, which was then scaled up to 1 ha. Sapwood 
area for the pure and the mixed 1 ha beech stand was 14.9 m2 ha−1 and 15.7 m2 ha−1, respectively 
(Tables 4 and 5). 
Because of an error in the installation of sap flow sensors in fir trees of the control plot in 2017, 
there were no data of fir sap flow in the control plot in this year. For the upscaling approach, we 
used the data of the treatment group instead, because we compared transpiration rates of the 
previous season (2016) without the rain exclusion to the ones obtained in 2017 in the treatment 
group and did not see significant differences.  
2.5. Stand Water Budget 
We estimated stand water budgets, using a simplified approach of a hydrologic water balance: 
𝑅௣௢௧ = 𝑃 − 𝐸𝑇 (3) 
where Rpot is the potential water recharge rate for the specific forest stand, P is the amount of 
precipitation (m3 ha-1), and ET the evapotranspiration (m3 ha−1). This equation does not take into 
account the changes in soil water storage, nor considers stream-, surface- or groundwater runoff. 
However, since the variations in water storage are temporary and runoff in these mature forests is 
small, the simplified model is assumed to constitute a good indicator for the potential water 
recharge in pure- vs. mixed-beech forest stands during the vegetation period.  
Precipitation (mm) derived from the closest weather station was rescaled to a 1 ha basis. 
Potential and actual evaporation (mm) was modeled using the LandscapeDNDC model [36] that has 
been refined to be applicable for forests (e.g., [37–39]), and is now featuring the PSIM model for 
aboveground ecosystem processes that is also able to consider various plant types or species 
simultaneously [40–42].  
2.6. Statistics 
Comparisons of means were either performed by an unpaired two-sample Wilcoxon test, or, 
when comparing more than two means, by the Kruskal–Wallis test with post hoc pairwise 
comparisons and adjustment for multiple testing (pairwise Wilcox test). This was required, as data 
did not follow normal distribution and neither revealed homogeneous variances. Correlations 
between sap flow rates and environmental data were conducted using Spearman’s rho (ρ), again due 
to the non-normality of the data. Therefore, sap flow data of each tree were correlated with 
environmental data over the whole measurement period separately for each hour of the day.  
All Figures and statistics were computed using R version 3.5.2 [43]. 
3. Results 
3.1. Meteorological and Soil Moisture Conditions 
While the first half of the vegetation period (April–June) in 2016 was cold and wet as compared 
with the long-term average climate, in 2017 Tair was warmer than the long-term average of the area 
(Figures S3 and S4). Soil moisture in 2016 declined approximately 27 vol% from July onwards, 
reaching the lowest values of around 13 vol% in pure and approximately 15 vol% in mixed plots in 
September (Figure 1, upper panel). In 2017, soil moisture of the control plots (i.e., no rain exclusion) 
frequently dropped to low values (~15 vol%) varying in accordance with precipitation in both stand 
types (Figure 1, lower panel). In the plots subjected to rain exclusion, soil moisture steadily 
decreased from mid-May (installation of the roofs) until reaching lowest values in mid-July, and 
then remained low until the first irrigation event in mid-August. 
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Figure 1. Soil water content (SWC) in 10 cm depth during the vegetation periods of 2016 (upper) and 
2017 (lower). Soil water contents (vol%) of pure and mixed (light and dark cyan, respectively) and 
control/treatment (treatment in light orange for the pure, and dark orange for the mixed, 
respectively) plots are depicted by solid colored lines. Natural precipitation (mm) is depicted by blue 
bars and scaled on the secondary y-axis. The grey shaded area depicts the time during which the 
treatment plots did not receive natural precipitation. Two arrows indicate the date on which the 
treatment plots were irrigated with 40 and 60 mm, respectively. 
3.2. Individual Tree Sap Flow Rates and Correlation with Environmental Parameters 
The properties of the individual trees in which we installed sap flow sensors are shown in Table 
1. DBH of beech ranged from 21.2 to 40.6 cm, whereas that of fir ranged from 21.5 to 47.4 cm. The 
resulting sapwood areas did differ between the species, because beech exhibits larger Sw at similar 
DBH as compared with fir. Thus, the largest sapwood area (926.1 cm2) belonged to a beech, even 
though it did not have the largest DBH (Table 1). 
During the 2016 season, average tree water use was the highest in the pure beech plot (e.g., 159 
L d−1 in June), closely followed by the beech in the mixed plots, while for fir it was the lowest 
throughout the season (except for May, when beech and fir in the mixed plot revealed similar mean 
sap flow (Table 2).  
In 2017, beech trees in mixed plots (control) exhibited the highest mean water use throughout 
the season with the highest rates in June (189 L d−1, Table 3). Generally, trees in the control group 
revealed higher water use as compared to trees in the treatment (Table 3). Tree water use within the 
treatment decreased to ~70% and ~40% of the control in beech trees of the pure and mixed plots, 
respectively. After rewetting (end of August) the water use in the pure plot was similar to the 
control, while in the mixed plot water use amounted to only 30% to 40% of the control (Table 3). 
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Table 2. Daily xylem flow rates during the vegetation period of 2016. Daily flow rates of individual 
trees are grouped into pure beech (n = 6), mixed beech (n = 3), and mixed fir (n = 5); rates are given as 
minimum (min) and maximum (max) flow rate during the month indicated, as well as mean and 
median. Statistically significant differences between species and association are marked with 
different small letters. Significance level was p ≤ 0.05. 
2016 Tree Water Use (L day−1) 
May min mean median max 
pure beech 3.59 61.48 (a) 61.10 118.14 
mix beech 2.66 42.14 (b) 41.09 79.34 
mix fir 5.20 42.65 (c) 47.80 77.89 
June     
pure beech 5.78 76.95 (a) 71.67 158.97 
mix beech 3.28 50.17 (b) 46.81 104.23 
mix fir 2.21 25.76 (c) 25.68 46.72 
July     
pure beech 16.61 107.48 (a) 110.62 157.33 
mix beech 9.90 73.82 (b) 82.36 102.57 
mix fir 3.09 28.79 (c) 31.99 40.67 
August     
pure beech 19.17 81.09 (a) 91.00 106.07 
mix beech 12.40 63.46 (b) 70.87 83.95 
mix fir 3.99 21.73 (c) 23.72 29.75 
September     
pure beech 2.22 55.66 (a) 59.21 83.01 
mix beech 1.65 46.83 (b) 47.22 69.35 
mix fir 2.16 13.00 (c) 13.69 21.62 
October     
pure beech 1.05 21.60 (a) 19.11 43.63 
mix beech 1.55 18.74 (a) 16.87 36.83 
mix fir 2.09 6.51 (b) 6.46 10.44 
Table 3. Daily xylem flow rates during the vegetation period of 2017. Daily flow rates of individual 
trees are grouped into pure beech treatment and control (n = 3, respectively), mixed beech treatment 
and control (n = 3, respectively) and mixed fir treatment/control (n = 3); rates are given as minimum 
(min) and maximum (max) flow rate during the month indicated, as well as mean and median. 
Statistically significant differences between treatments (treatment and control) are marked with 
different small letters, differences between species and association but the same treatment group 
(pure, mix beech, and mix fir) with different capital letters. Significance level was p ≤ 0.05. Sensor 
failure due to low battery power caused missing data of the pure beech control group in June. 
2017 Tree Water Use (L day−1) 
June min mean median max 
pure beech treatment 49.07 103.00 (A) 107.40 136.43 
pure beech control NA NA NA NA 
mix beech treatment 26.39 65.91 (aB) 68.30 87.87 
mix beech control 62.53 142.91(bA) 148.34 189.48 
mix fir treatment 15.21 31.33 (C) 33.02 39.77 
July     
pure beech treatment 18.12 76.76 (aA) 79.80 120.65 
pure beech control 20.53 92.56 (aA) 95.36 143.43 
mix beech treatment 8.11 44.39 (aB) 44.92 76.29 
mix beech control 24.19 114.77 (bA) 116.15 181.91 
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mix fir treatment 4.88 36.16 (B) 34.39 75.01 
August     
pure beech treatment 4.75 68.41 (aA) 78.26 96.21 
pure beech control 5.88 82.98 (bA) 90.72 118.18 
mix beech treatment 3.05 37.86 (aB) 41.45 54.71 
mix beech control 8.04 111.38 (bB) 123.16 155.43 
mix fir treatment 1.83 40.63 (B) 44.20 59.12 
September     
pure beech treatment 11.09 47.06 (aA) 48.19 83.69 
pure beech control 10.08 46.91 (aA) 50.44 86.12 
mix beech treatment 4.30 22.08 (aB) 23.23 41.48 
mix beech control 16.65 69.72 (bB) 73.82 126.23 
mix fir treatment 6.15 27.50 (C) 29.77 45.26 
October     
pure beech treatment 5.79 32.55 (aA) 29.23 69.33 
pure beech control 4.10 28.38 (aA) 24.09 62.74 
mix beech treatment 2.04 12.67 (aB) 12.37 29.04 
mix beech control 6.32 47.93 (bB) 40.97 114.72 
mix fir treatment 2.34 21.65 (C) 20.19 41.39 
The data show that irrespective of year, sap flow rates in beech trees were higher than in fir 
trees. The rain exclusion did decrease rates of sap flow in beech trees by more than half in the mixed 
plot, while in the pure plot the reduction was less severe. Sap flow of fir in 2017 was not reduced by 
rain exclusion below the 2016 control. 
We correlated several environmental factors with the sap flow rates of every individual tree. 
Figure 2 exemplifies correlations over a daily course for one beech (15) and one fir (16), while the 
other trees of the same species revealed similar relationships with environmental parameters (see 
Figures S5 and S6). For both species, the vapor pressure deficit (VPD) was the key explanatory 
variable for daytime sap flow rates (ρ = 0.85 beech, ρ = 0.9 fir) and at night, this relationship did not 
change in beech, but fir showed a decline in correlation between 9 p.m. and 7 a.m. (Figure 2). Tair 
indicated a similarly strong relationship with sap flow for both species but not as pronounced as 
VPD (Figure 2). Global radiation (GR) revealed the third important relationship with sap flow in 
both species, strongly dependent on daytime (Figure 2). Soil moisture correlated negatively with 
both species in the morning hours (Figure 2).  
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Figure 2. Daily course of sap flow correlation with environmental parameters over the period from 
May to October (exemplified here for beech and fir). Correlation coefficient (Spearman’s rho) of sap 
flow over time (hour) represented by lines: with VPD (black); global radiation (orange); soil 
temperature (Tsoil; dark red); air temperature (Tair, light blue); precipitation (cyan); relative humidity 
(rH; pink); and soil moisture in different depths (VWC), 80 cm (dark green), 50 cm (green), 25 cm 
(neon green), 15 cm (green yellow), and 10 cm (yellow). 
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3.3. Mean Sap Flow Density 
We calculated SFD (ml cm2 d−1) for each month, species and association to assess differences in 
flow irrespective of tree size (Figure 3 for 2016, Figure 4 for 2017). Figure 3 shows that 2016 late 
spring and early summer (May and June) were characterized by exceptionally high amounts of 
precipitation. In comparison, June 2017 was rather dry (Figure 4). In 2016, maximum air temperature 
follows the typical seasonal course (increase in spring towards summer and decreasing thereafter), 
whereas October 2017 was relatively warm, explaining SFD peaks in mid-October. Still, SFD 
followed the typical seasonal course in both years studied, i.e., increasing in early summer, peaking 
in summer (June and July), and decreasing towards fall. Additionally, we observed that SFD 
decreased significantly during rainfall events, the more when associated with a decrease in Tair, 
regardless of species and association. 
 
Figure 3. Average xylem sap flow density from May to November 2016. Pure beech (green line, n = 
5); mixed beech (orange line, n = 3); and fir (blue line, n = 5); bars (light blue) show the sum of daily 
precipitation and grey lines indicate maximal Tair. Note that the second y-axis holds values for both 
precipitation and Tair. The graph representing the SFD for October 2016 also holds the first four days 
of November. 
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When comparing SFD between species, we identified lower values for fir as compared with 
beech in both years (Figures 3 and 4). In 2016, beech in the mixed plots showed higher tree water use 
as compared with beech in pure plots; these differences increased in summer and became smaller 
towards fall (Table 2, Figure 3). In 2017, we identified similar patterns, but beech in the treatment 
revealed lower water usage as compared with control trees. While SFD in the control of the mixed 
beech plot was higher as compared with the pure control, it was lower in the mixed treatment 
(Figure 4). The same was observed for the pure plot under treatment, which showed the lowest 
water use and SFD of all investigated plots during the rain exclusion (Table 3, Figure 4). In the pure 
control, low flow rates of beech recovered from approximately 70% of the control flow rates to 88% 
and 91% once soil moisture was restored upon rewatering, while in the mixed beech plot reduction 
of SFD intensified even more.  
Rain exclusion reduced SFD of beech in both mixed and pure plots, and while flow rates in the 
pure plots almost reached the same levels as the control group, this was not the case for beech in the 
mixed plot. 
 
Figure 4. Average xylem sap flow density from June to November 2017. Pure beech in the treatment 
(dashed green line, n = 3); pure beech in the control (solid green line, n = 3; mixed beech in the 
treatment (dashed orange line, n = 3); mixed beech in the control (solid orange line, n = 3); and fir in 
the treatment (dashed blue line, n = 3); bars (light blue) show the sum of daily precipitation and solid 
grey lines indicate maximal Tair. Note that the second y-axis holds values for both precipitation and 
Tair. The graph representing the SFD for October 2017 also holds the first four days of November. The 
arrow in the July graph depicts the date on which we reinstalled two sap flow sensors in the fir trees, 
and the vertical dotted lines in the August graph depict the rewatering events for the treatment plots. 
Sensor failure due to low battery power caused missing data of the pure beech control group. 
  
0
100
200
300
0
10
20
30
40
50
31 01 02 03 04 05 06 07 08 09 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 01
June 2017
av
era
ge
 xy
lem
 flo
w 
[m
lc
m2
da
y] precipitation [mm]   Tair [
°C]
pure beech treatment
pure beech control
mix beech treatment
mix beech control
fir treatment
max air temp.
0
100
200
300
0
10
20
30
40
50
01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 31
July 2017
av
era
ge
 xy
lem
 flo
w 
[m
l c
m2
da
y]
0
100
200
300
0
10
20
30
40
50
31 02 04 06 08 10 12 14 16 18 20 22 24 26 28 30 01
August 2017
precipitation [mm]   Tair [
°C]
0
100
200
300
0
10
20
30
40
50
01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 01
September 2017
av
era
ge
 xy
lem
 flo
w 
[m
l c
m2
da
y]
0
100
200
300
0
10
20
30
40
50
29 01 03 05 07 09 11 13 15 17 19 21 23 25 27 29 31 02 04 06 08
October/November 2016
precipitation [mm]   Tair [
°C]
Forests 2019, 10, 897 12 of 23 
 
3.4. Stand Water Use 
Evaporation was calculated separately for pure and mixed plots and was higher in the mixed 
plots throughout the season (Table 4). Rates of evaporation modeled in May and June 2016 were 
highest, decreased thereafter until reaching a minimum in September (mixed) and October (pure) 
(Table 4). In contrast to evaporation, stand transpiration sums for each month were similar for both 
pure and mixed plots, except in July, where stand transpiration of the pure plot well exceeded that of 
the mixed plot (Table 4). Generally, transpiration followed the course of temperature and radiation 
by increasing from late spring into early summer, peaking in summer (July) and decreasing again 
thereafter (Table 4).  
In 2017, we manipulated the hydrologic regime for part of both pure and mixed beech plots by 
excluding precipitation for June, July, and most of August. The highest amount of precipitation was 
observed in July 2017 and the lowest in June (Table 5); while the overall amount of precipitation was 
decreased when compared to 2016 and it was more evenly distributed over the vegetation period in 
2017 (Table 5, Figure S3 available as Supplementary Data at Forests Online). Similar to 2016, modeled 
evaporation indicated higher rates for the mixed plot, with highest rates in July for both, pure and 
mixed plots in 2017 (Table 5). Regardless of treatment, stand transpiration followed the development 
of climate conditions similar to that in 2016 (Table 5). Again, daily means of transpiration were 
significantly higher in the pure beech plot than in the mixed beech-fir plot in the control groups. 
When comparing the treatment groups among each other, transpiration was lower in the mixed plot 
for the whole measurement period, but this difference was only significant in June (Table 5). Rain 
exclusion considerably lowered the stand transpiration in both pure and mixed beech-fir plots, 
during the period of roof coverage (except for the mixed plot in July, Table 5). Stand transpiration 
between pure beech in 2016 and 2017 (control) was not significantly different, while in the mixed 
plots daily means of stand transpiration were lower in July and September, and higher in August of 
2017 (Tables 4 and 5).  
Evapotranspiration in pure versus mixed beech plots did not differ significantly either in 2016, 
366 and 349 mm, respectively (June through October) or in 2017 (control plots, 314 and 359 mm, 
respectively (June through October). The higher stand transpiration rates of the pure beech plot were 
almost compensated by the higher evaporation rates in the mixed plots, so that evapotranspiration 
was similar. The treatment in 2017 had a significant influence on the stand transpiration rates in both 
pure and mixed plots, and decreased evapotranspiration rates in comparison to the control plots 
(i.e., pure beech, control 314 vs. treatment 305 mm and mixed beech, control 359 vs. treatment 294 
mm). 
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Table 4. Stand xylem sap flow scaled up to a one hectare basis in 2016. Sap flow rates were calculated for pure and mixed plots from May to October. Values depict 
m3 xylem sap flow per ha−1 forest floor for each tree species and association, “sum” indicates the monthly sum of sap flow, “daily mean” is the average sap flow 
during the same month, and “sd” is the standard deviation from the “daily mean”. Daily means were compared for each month between the pure and the mixed 
stands and are indicated by small letters; values sharing the same letter are not significantly different. Differences between 2016 and 2017 (control group) are 
indicated by asterisks. 
Site Species  Sapwood Area 
(m2 ha−1) 
Xylem Sap Flow (m3 ha−1) 
May June July August September October 
pure  Fagus sylvatica  14.99       
  sum  445.58 651.97 934.3 688.77 455.14 181.63 
  daily mean  17.14 (a) 21.73 (a) 30.14 (a) 22.22 (a) 15.17 (a) 5.86 (a) 
  sd   11.1 11.41 11.21 6.74 4.89 3.47 
mixed  Fagus sylvatica  8.23       
  sum  290.07 385.7 587.93 506.69 363.77 150.95 
  daily mean  10.74 12.86 18.97 16.34 12.13 4.87 
  sd   6.97 7.07 6.6 4.87 4.09 2.88 
 Abies alba  7.51       
  sum  176.19 148.93 180.91 135.16 76.59 39.9 
  daily mean  6.53 4.96 5.84 4.36 2.55 1.29 
  sd   3.85 2.38 2.07 1.28 0.93 0.49 
  total sum 15.75 466.26 534.63 768.84 641.85 440.36 190.85 
  daily mean  17.27 (a) 17.82 (a) 24.8 (b *) 20.7 (a *) 14.68 (a *) 6.16 (a) 
  total sd  7.96 7.46 6.91 5.03 4.19 2.92 
  precipitation  1654 2048 575 549 454 630.1 
  evaporation pure 219 302 133 159 86 75 
  evaporation mixed 246 360 164 185 102 108 
  surplus/deficit pure 989 1094 −493 −299 −87 374 
  surplus/deficit mixed 942 1153 −358 −278 −88 332 
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Table 5. Stand xylem sap flow scaled up to a one hectare basis in 2017. Sap flow rates were calculated for pure and mixed plots from June to October. Values depict 
m3 xylem flow per ha-1 forest floor for each tree species and association, “sum” indicates the monthly sum of sap flow, “daily mean” is the average sap flow amount 
during the same month, and “sd” is the standard deviation from the “daily mean”. Daily means were compared for each month between the pure and the mixed 
stand daily means (small letters), as well as between control and treatment (capital letters). Values sharing the same letter are not significantly different. Differences 
between 2016 and 2017 (control group) are indicated by asterisks. ° indicates an estimate from the LandscapeDNDC model, as data are missing here due to sensor 
failure. 
Site/Treatment Species  Sapwood Area 
(m2 ha−1) 
Xylem Sap Flow (m3 ha−1) 
June July August September October 
pure control Fagus sylvatica  14.99      
  sum  750 ° 500.56 733.42 402.31 258.02 
  daily mean   26.34 (aA) 23.65 (aA) 13.41 (aA) 8.32 (aA) 
  sd    10.22 8.73 5.31 4.86 
pure treatment Fagus sylvatica  14.99      
  sum  577.47 559.14 495.2 326.6 233.91 
  daily mean  25.1 (a) 18.03 (aB) 15.97 (aB) 10.88 (aA) 7.54 (aA) 
  sd   5.38 7.6 5.77 4.22 4.06 
mixed control Fagus sylvatica  8.23      
  sum  440.73 488.18 469.62 282.08 197.66 
  daily mean  19.16 15.74 15.14 9.4 6.37 
 Abies alba  7.51      
  sum  111.13 168.53 192.07 124.5 100.22 
  daily mean  5.05 5.43 6.19 4.15 3.23 
  total sum 15.75 547.44 656.73 661.70 406.59 297.89 
  daily mean  23.8 (A) 21.2 (bA *) 21.35 (bA *) 13.55 (aA *) 9.61 (aA) 
  sd  5.12 7.31 5.91 3.94 4.32 
mixed treatment Fagus sylvatica  8.23      
  sum  351.04 336.98 286.03 157.59 94.08 
  daily mean  15.95 10.87 9.22 5.25 3.03 
 Abies alba  7.51      
  sum  106.70 168.53 192.07 124.5 100.22 
  daily mean  4.63 5.43 6.19 4.15 3.23 
  total sum  15.75 457.75 505.52 478.11 282.10 194.31 
  daily mean  20.6 (bB) 16.33 (aA) 15.42 (aB) 9.4 (aA) 6.27 (aA) 
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  sd  4.03 5.68 3.95 2.7 2.41 
  precipitation 436 1576 794 660 631 
  precipitation treatment 0 0 1000 660 631 
  evaporation pure  155 271 154 181 99 
  evaporation mixed 172 331 177 211 134 
  surplus/deficit pure control −469 ° 804 −93 76 273 
  surplus/deficit pure treatment −732 −829 350 152 297 
  surplus/deficit mixed control −283 588 −45 42 198 
  surplus/deficit mixed treatment −629 −836 344 167 302 
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4. Discussion 
In a year with higher than average precipitation, we found the water use of the mixed plot 
exceeded that of the pure plot, indicating a competition reduction of water use for beech in the 
mixed plot with silver fir. During times with no precipitation we found the rates of 
evapotranspiration in a mature mixed plot to be smaller as compared with a pure plot, which is 
unlikely to be due to a higher water use efficiency of beech in the mixed stand, but rather to 
restricted hydraulic conductivity of its root system, making this mixed stand less resilient towards 
drought.  
4.1. Sap Flow of Individual Trees Provide A Good Estimate for Upscaling to Stand Transpiration 
With the present setup of sap flow sensors, we covered sap wood depths to 27 mm from below 
the bark and estimated a linear decrease from there to the sap wood boundary. Sap flow rates 
calculated with this approach were in the same range as data obtained for beech on the Swabian Alb 
[44], in northern Brandenburg [45], or in southern Bavaria [46]. Annual transpiration rates of beech 
estimated in a Central European beech forest ranged from 213 to 421 mm year−1 [47]. Even though 
we obtained sap flow data only from May to October (2016), this range covers the vegetation period 
of beech almost entirely and, hence, our estimate for the transpiration of beech trees in the pure plot 
of 337 mm year−1 is well in the range previously reported [47,48].  
Much less is known about the water use of silver fir, but SFDs determined in our study are 
similar to those obtained in previous studies [49,50]. Nourtier et al. [50] claimed that sap flux 
densities obtained in their study of 0.2 to 1 L dm−2 h−1 ranged below the values previously obtained 
for other conifers of approximately 1 to 2 L dm−2 h−1 [28,51,52]. Our findings support the reported sap 
flow densities by Nourtier et al. [49,50], indicating that SFDs of silver fir are in fact lower than that of 
other conifers.  
Additional support for the consistency of the present transpiration data with previous studies 
was provided by the LandscapeDNDC model that provided not only evaporation data for the 
upscaling approach, but also simulated transpiration of the pure and mixed plots (see Section 2.5). 
Differences in sums of transpiration simulated by the model and measured were almost negligible 
(Table 6), supporting the assumption that the obtained sap flow rates are suitable for upscaling 
water uptake to the stand level.  
Table 6. Sums of transpiration modeled vs. measured for the vegetation period in 2016. 
Plot/Association sum of transpiration (mm) measured 
(May–October) 
sum of transpiration (mm) simulated 
(May–October) 
pure beech 337 328 
mixed beech-fir 304 301 
4.2. Sap Flow of Beech Trees in Pure and Mixed Stands Differs Considerably 
It has previously been reported that sap flow rates of trees in mixture differ from those of 
monospecific stands [53,54]. In the present study this is confirmed for pure and mixed plots as sap 
flux densities of beech in the pure plot were significantly smaller as compared with beech in the 
mixed plot in both 2016 and 2017 (control). Beech, is considered a more anisohydric species (i.e., 
delaying stomatal closure and maintenance of photosynthesis during times of water shortage) and it 
is known for its low self-tolerance in monospecific stands [55]. Thus, the mixture with silver fir likely 
means a reduction of competition stress for beech regarding resources [56,57], which is supported by 
the higher SFDs of beech in mixture observed in our study. This reduction of competition in the 
mixed plot can have more than one reason. For one, in a pure beech stand, the monolayered 
structure can change in a multilayered structure in the mixture with e.g., fir [58], thereby altering the 
access to light. More importantly, it can alter the access to soil water as firs are considered to develop 
and maintain a taproot system [24] that was previously found to root preferably between 20 and 80 
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cm soil depth [59]. Beech on the other hand mostly exploits soil layers between 0 and 30 cm [60–62]. 
Hence, reduced intraspecific competition (compared to the pure beech plot) for soil water from the 
same soil layers might explain the increased transpiration rate of beech in the mixed plot, even more 
so as the mixed stand did reveal a higher tree density. This higher density was partly compensated 
by the smaller diameter of beech trees in the mixed stand, with beech often not being the dominant 
species as opposed to the pure stand. Complementary water use has been reported for mixed stands 
of Quercus petraea and Pinus sylvestris, relieving drought stress as compared with each species 
growing in pure stands [63]. In a mixed oak beech forest, Zapater et al. [64] found evidence of oak 
utilizing water from soil layers as deep as 0.95 m, while beech was not able to shift its water uptake 
depth towards deeper soil layers with progressing soil drought. Theoretically, beech also profited 
belowground from the lower water usage of the more isohydric fir (i.e., closing stomates at water 
limitation) during times of short-term soil water depletion [65]. Hydraulic lift (HL) potentially 
conducted by fir through their taproot system [23,24] might be an additional asset in the mixed 
beech-fir stand. HL is the redistribution of water obtained by roots in (deeper) moister soil layers 
into more (shallow) dry soil layers [66]. With this process water distributed by fir from deeper and 
moister soil layers to more shallow and dryer soil layers, where beech has access, might release 
short-term drought stress not only for fir trees, but also for beech trees and, furthermore, can 
facilitate the performance of beech trees in the mixed stand [53]. We previously found an indication 
that silver fir presence released water stress in beech trees from δ13C (ratio between 13C/12C isotopes) 
signatures of beech leaves [67] and could now partially explain how the mixture with fir lead to 
depleted δ13C signatures in beech leaves. 
Nevertheless, the higher sap flux densities of beech in mixture did not result in higher 
transpiration rates in the mixed plot, as the sapwood area of beech in the mixed plot was smaller 
than in the pure plot. We were, thus, unable to confirmed hypothesis one, as transpiration rates in 
the mixed plot were not significantly smaller than at the pure plot, likely due to the reduced 
intraspecific competition of beech, overcompensating the isohydric water use of fir. Transpiration 
rates of beech trees well exceed those of fir trees but evapotranspiration (ET) rates in the mixed plot 
were similar to those in the pure plot (±20 mm) in 2016 and 2017 (control). This effect was, in 
addition to the aforementioned similar transpiration rates, also due to higher interception rates in fir 
and, consequently, higher evaporation rates from surfaces as compared with the pure beech plots, as 
also reported for Norway spruce [68]. It is conceivable that the higher interception rates also apply to 
fir, as they reveal similar characteristics in crown structure and phenology as Norway spruce. 
Generally, it has been reported that interception rates for deciduous trees rate below 25%, whereas 
for conifers interception rates can add up to 40% [69,70].  
4.3. Rain Exclusion Superimposes Facilitation in Mixed Stands 
The rain exclusion treatment during the vegetation period 2017 caused reduced sap flow 
densities, and therefore transpiration rates in both pure and mixed plots to varying extents. 
Apparently, silver fir was not severely affected by the precipitation exclusion, as the sum of 
transpiration from June to October is the same in the vegetation period of 2016 and the precipitation 
exclusion treatment in 2017. This is explainable considering the more isohydric strategy of fir 
towards drought, and by the access of fir to deeper and moister soil layers with their taproot [24] 
and, hence, the avoidance of competition for water with beech by spatial partitioning of soil water 
uptake [71,72]. From this result we can confirm hypothesis two, as fir transpiration indeed was little 
affected by rain exclusion. 
Gebauer et al. [54] found that the annual sums of canopy transpiration in a dry year were 
similar for three investigated stands (pure beech, mixed beech-ash-linden, and mixed 
beech-ash-linden-maple-hornbeam), while they were different in the moist year. They concluded 
that tree stands (i.e., mixed and pure stands) converge in their water use in drier seasons [54,73]. The 
similar sums of transpiration rates obtained in our study at the end of the water exclusion support 
this conclusion, since we observed 20% to 30% reduced rates of transpiration in beech in both the 
pure and the mixed plots during the rain exclusion as compared with the control plots. Nevertheless, 
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after rewetting the reduction in transpiration of beech in the mixed plot increased to −52%, while in 
the pure plot it recovered to −9% as compared with the control, respectively. Hence, the question 
arises, why the reduction of transpiration in beech in the mixed plot was so much higher after 
rewetting?  
This may partially be explained by the exhaustion of the soil water pool at the mixed plot, 
revealing a stronger depletion of soil water as compared with the pure plot. This soil water depletion 
could have caused cavitation of vessels in the root system of beech trees leading to lower hydraulic 
conductivity during water uptake, eventually facing severe damage of the root system further 
impairing water and nutrient relations [74]. As well, since the fine root biomass is likely to be most 
affected by the drought, fine root biomass die-off could have increased hydraulic resistance in the 
root system additionally impairing water uptake [22]. Fir, as a conifer species, transpires water 
throughout the year (when conditions are favorable), and hence provides an additional water user in 
the mixed plot. This can become particularly critical by the end of summer, when soil water becomes 
depleted and beech reduces its transpiration (due to decreases in radiation, temperature, and VPD), 
but fir does not. This advantage of conifers over deciduous species is likely to have caused the 
additional decrease in soil moisture during the treatment and can additionally explain the lower soil 
moisture conditions after rewetting in the mixed as compared with the pure plot. Similarly, Rötzer et 
al. [68] found soil moisture beneath a Norway spruce stand to decrease earlier and longer as 
compared with a beech stand, as soil became depleted with the onset of photosynthesis in Norway 
spruce. The same possibly applies to other conifers such as fir. As transpiration rates were similarly 
decreased during the rain exclusion treatment, we had to reject hypothesis three, as rain exclusion in 
both plots lead to a similar reduction of water use in beech. The rewetting though had an influence 
on the mixed plot, which was almost exclusively accountable to beech.  
5. Conclusions 
Facing climate change impacts, such as drought on forested ecosystems, silviculture 
management strives to enhance resilience of forest stands. The frequent observation of overyielding 
in mixed forest stands as compared with the respective pure stand [16,56,75,76], indicated one way 
to achieve higher resilience. Here, we investigated the water balance comparatively in pure beech 
and mixed beech-fir stands during times with above average precipitation and during drought. 
Figure 5 illustrates and highlights the basic processes of the stand water balance. While during times 
of above average precipitation, transpiration in both pure and mixed beech stands can be completely 
supported, drought disrupts the water balance in both stands severely (Figure 5). On the one hand, 
the mixed stand uses less water in comparison to the pure beech stand, which results in a smaller 
potential soil water deficit. On the other hand, this lower water utilization of the mixed beech-fir 
stand was probably not initiated by increased water use efficiency of beech, but rather by severely 
decreased hydraulic conductivity of its root system. Nevertheless, the results of this work are limited 
to the study site, and miss replication, as factors such as soil type and location, as well as history and 
management are likely to influence the performance of pure and mixed stands.  
Hence, we conclude that mixed beech-fir stands at this site did not indicate higher resilience 
towards drought, although their water use was lower in comparison to the pure beech stand, and 
call at the same time for further studies investigating stands on different sites, with different soil and 
climatic conditions.  
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Figure 5 Illustration of the water balance for pure beech vs. mixed beech-fir stands, during natural 
precipitation conditions (upper panel) in comparison to rain exclusion conditions (lower panel). 
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